A 1,000-Dalton tangential-flow ultrafiltration (TFUF) membrane was used to isolate dissolved organic matter (DOM) from several freshwater environments. The TFUF unit used in this study was able to completely retain a polystyrene sulfonate 1,800-Dalton standard. Unaltered and TFUF-fractionated DOM molecular weights were assayed by high-pressure size exclusion chromatography (HPSEC). The weight-averaged molecular weights of the retentates were larger than those of the raw water samples, whereas the filtrates were all significantly smaller and approximately the same size or smaller than the manufacturer-specified pore size of the membrane. Moreover, at 280 nm the molar absorptivity of the DOM retained by the ultrafilter is significantly larger than the material in the filtrate. This observation suggests that most of the chromophoric components are associated with the higher molecular weight fraction of the DOM pool. Multivalent metals in the aqueous matrix also affected the molecular weights of the DOM molecules. Typically, proton-exchanged DOM retentates were smaller than untreated samples. This TFUF system appears to be an effective means of isolating aquatic DOM by size, but the ultimate size of the retentates may be affected by the presence of metals and by configurational properties unique to the DOM phase.
The isolation and characterization of aquatic dissolved organic matter (DOM) in both limnological and oceanic environments has been the focus of a number of studies (Aiken et al. 1985 (Aiken et al. , 1992 Orem et al. 1986; Orem and Hatcher 1987; Chen et al. 1993; Amon and Benner 1994, 1996; Chin et al. 1994 Chin et al. , 1998 ; plus many others). The most common methods are comprised of either chromatographic fractionation using a hydrophobic resin (i.e., XAD 8 and 4) (Aiken et al. 1992) or physical separation by some form of ultrafiltration (Thurman et al. 1982; Aiken 1984) . In particular tangential-flow ultrafiltration (TFUF, also known as cross-flow ultrafiltration) has been used extensively to isolate marine DOM from both coastal and open oceanic sties (Whitehouse et al. 1990; Benner et al. 1992; Buesseler et al. 1996; Mopper et al. 1996; Guoard and Santchi 1996 ; plus many others) and DOM from groundwater (Backhus and Gschwend 1990) . The TFUF method is a physical separation process by which solvent and solute molecules smaller than the membrane pores pass through when a hydrostatic pressure is created. Molecules larger than the membrane pores are retained and concentrated. It is typically assumed that most of the retained DOM molecules have molecular weights greater than the manufacturer-specified membrane cutoff size. These isolates subsequently are used to characterize the various properties of DOM or are utilized in a wide range of geochemical and environmental reactivity studies (Backhus and Gschwend 1990; Dunnivant et al. 1992; Amon and Benner 1994, 1996; Danielsen et al. 1995; Guo et al. 1995 Guo et al. , 1996 . It has always been assumed that the isolates are in some manner representative of the properties and reactivity of part or all of the unfractionated DOM pool. Unfortunately, TFUF methods are subject to a number of analytical problems, including loss of DOM to the membranes and breakthrough of DOM molecules larger than the specified pore sizes (Aiken 1984; Kilduff and Weber 1992; Buesseler et al. 1996) . Moreover, DOM may exist in different configurations, and the actual fractionation process may be ambiguous if only the manufacturer-specified operational cutoffs are used. Thus, pH and ionic strength effects may play a role in determining the actual separation that occurs in such systems.
To date, there has been no comprehensive examination of the actual molecular weights of DOM isolated by TFUF. High-pressure size exclusion chromatography (HPSEC) has been used to provide reasonable estimates of aquatic humic substance molecular weights when compared with values determined by vapor pressure osmometry (VPO), field flow fractionation (FFF), and ultracentrifugation (Chin and Gschwend 1991; Chin et al. 1994 ). Thus, HPSEC may be an independent means of determining the size of organic materials in TFUF retentates and filtrates for a specific water sample and could be used to ascertain the actual efficiency of the ultrafilter membrane for isolating aquatic DOM as opposed to relying upon the cutoff specifications provided by the manufacturer or by studies that utilize molecular weight standards (e.g., dextrans, polystyrene sulfonates) (Kilduff and Weber 1992; Gustaffson et al. 1996) .
In this study, we examined the use of a TFUF device for isolating DOM and the use of HPSEC for quantifying the molecular weights of the retentate and filtrate materials. Wa-ters were collected from a variety of locations, including some where the DOM has been well characterized (Thurman et al. 1982; Aiken et al. 1985 Aiken et al. , 1992 . The objectives were to (1) isolate a molecular mass standard (1,800-Dalton polystyrene sulfonate) and the DOM source waters with a 1,000-Dalton-membrane TFUF unit; (2) use HPSEC to examine the molecular weight averages of the filtrate and retentate for each DOM sample and compare them with those measured for the whole water; (3) conduct characterization studies such as spectroscopic analyses for the whole water samples and the retentates; and (4) examine the role of chelated metals on the molecular weights of TFUF isolated DOM.
Methods
Sites and sampling protocol-Samples were collected from the Suwannee and Ogeechee Rivers, Georgia; the Great Dismal Swamp, Virginia; and Old Woman Creek Estuary near Huron, Ohio. All samples were collected in precleaned containers, filtered through glass-fiber filters (type A/E, Gelman Sciences), and stored at 4ЊC. Aliquots from each raw water sample were saved for HPSEC, spectroscopic, and total organic carbon (TOC) analysis, and the remainder was processed by TFUF. Fulvic acid from the Suwannee River was isolated from a different sampling event (same location) using XAD chromatography and stored in a lyophilized state. The TOC of each sample was measured using a Shimadzu 5000 TOC analyzer equipped with a platinum-onalumina catalyst. Samples were acidified to pH 2.0 using HCl and were measured as nonpurgeable organic carbon. Ultraviolet (UV)-visible (VIS) measurements were taken using a Varian Cary 1 spectrophotometer, and the molar absorbance at 280 nm was recorded for each sample.
A polystyrene sulfonate standard (Polysciences; manufacturer's listed molecular mass ϭ 1,800 Daltons) was used to examine the retention efficiency of the ultrafiltration membrane for its listed molecular mass cutoff. The standard was dissolved into 4 liters of Milli-Q (Millipore) water to yield a TOC concentration of 1.6 mg liter Ϫ1 . Three 1-liter aliquots were then taken, and the ionic strengths were adjusted to 0, 0.01, and 0.1 M with NaCl. Each standard was then concentrated, and samples of the preconcentrate, retentate, and filtrate were saved for analysis.
Ultrafiltration protocol-The ultrafiltration equipment used for this study was an Amicon CH2 concentrator equipped with a S1N1 spiral wound membrane cartridge. The membrane is composed of a polysulfone polymer and has a manufacturer-listed nominal molecular mass cutoff value of 1,000 Daltons. Prior to use, the membrane was washed by pumping NaOH (pH 11.5) through the system to remove the protective coating of glycerin. The unit was then rinsed by pumping Milli-Q water across the membrane until all traces of the NaOH were gone (as determined by conductivity), and the TOC of the filtrate was equal to that of the feed water (Ͻ50 M carbon). Standards and DOM samples were then run through the system and concentrated by a factor of 10 at a back pressure of 6 psi. Aliquots of the retentates and filtrates were saved for analysis. Between processing runs, the system was cleaned as described above. When not in use, the membrane cartridge was removed, filled with Milli-Q water, and stored at 4ЊC.
Cation-exchange analysis-Trace metals were removed from the DOM using a cation-exchange resin (hydrogenform Bio-Rad AG 50W-X8 resin). The resin was rinsed five times with methanol and then five times with Milli-Q water (to remove any residual organic material) and exchanged with 1 N NaOH, which further cleans the resin and saturates the cation-exchange sites with sodium. The resin was then packed into a 25-ml column and rinsed with five column volumes of Milli-Q water to remove the NaOH. After rinsing, five column volumes of 10% high-purity HCl were poured through the column to resaturate the cation-exchange sites with protons. The resin was again rinsed with Milli-Q water until the TOC value of the eluent was equal to the TOC of the feed water (50-80 M). The DOM samples were eluted through the freshly prepared resin column, and the eluent was collected in a reservoir at the bottom of the column. The proton-exchanged concentrates were subsequently placed into solid Teflon beakers, quick frozen using liquid nitrogen, lyophilized, and stored until further use. Solutions were made up from the freeze-dried samples, and their TOCs were measured as discussed previously. As a consequence, the final retentate working solution TOC concentrations may vary for different samples because it would be impossible to gravimetrically determine the amount of organic carbon present a priori.
HPSEC-All samples were analyzed with a Waters HPSEC connected to a variable wavelength ultraviolet (UV) light detector and controlled by the HPSEC software MAXI-MA. Standards were made using polystyrene sulfonate (Polysciences) of different molecular weights (MW) (18,000, 8,000, 5,400, and 1,800) and acetone (MW ϭ 54). The mobile phase was composed of 0.1 M NaCl, 0.002 M Na 2 HPO 4 , and 0.002 M KH 2 PO 4 and degassed prior to use. Twentymicroliter volumes of each sample to be analyzed were injected and run through the HPSEC column at a rate of 1.0 ml min Ϫ1 . Number-averaged (M n ) and weight-averaged (M w ) molecular weights for the humic substances and colloids were determined using the following equations:
where h i is the height of the sample SEC curve eluted at molecular weight M i (Chin et al. 1994) . Corrections for band broadening were made using a polystyrene sulfonate (PSS) standard (4.6 K) and the techniques described by Yau and co-workers (1979) . This method involved comparing the PSS polydispersities (i.e., M w /M n ) measured by HPSEC to the chemical manufacturer's specification. Dispersion was insignificant in our system, and the chromatograms were evaluated without further need for correction factors. The Fig. 1 . Pre-and post-TFUF UV/VIS scan of the 1,800-Dalton polystyrene sulfonate standard used to determine the effectiveness of the S1N1 membrane. TOC analysis confirms observations made by absorbance spectroscopy (see Table 1 ). MAXIMA software calculated the M w , M n , and polydispersity for each sample. Details regarding the selection of the molecular weight standards and mobile phase composition can be found elsewhere (Chin et al. 1994 ).
Results and Discussion
The retention efficiency of the polysulfone membrane was tested using an 1,800-Dalton PSS standard solution at different ionic strengths (concentration factor ϫ 10). This standard was chosen because its molecular weight and polydispersity are similar to values measured for aquatic DOM (by FFF, ultracentrifugation, HPSEC), and we wanted to independently determine the ultrafilter cutoffs as specified by the manufacturer. Based upon both TOC and its UV absorbance (at 226 nm), the standard was completely retained by the ultrafiltration membrane (Fig. 1) . Moreover, adjustment of the solution phase ionic strength appeared to have no effect on the membrane rejection for this compound. Based upon previous studies (Ghosh and Schnitzer 1980; Aiken 1984; Beckett et al., 1987; Chin and Gschwend 1991; Kilduff and Weber 1992; Burdige and Gardner 1998) , coiling of DOM and PSS molecules coupled with ionic interactions at the membrane interface may affect the performance of ultrafiltration membranes. Ionic strength effects observed by some of these investigators (Beckett et al. 1987; Chin and Gschwend 1991; Kilduff and Weber 1992) include an increase in the analyte retention at lower ionic strengths even when significantly larger molecular mass membranes (Ն10,000 Daltons as specified by the manufacturer) were used. This PSS polymer is capable of undergo coiling as a function of both pH and ionic strength to a greater degree than aquatic fulvic acids (Chin and Gschwend 1991) , but our results show that even at the highest ionic strength used in this study, the analyte molecules were still retained by this membrane. The ionic strength artifacts appear to be limited to the larger cutoff membranes (Ͼ3,000 Daltons) where the configuration of the analytes (coiled vs. uncoiled) may play an important role. For our membrane, the pore sizes appear to be sufficiently small and are not as sensitive to analyte configurational changes.
The 1,000-Dalton S1N1 membrane retention coefficient (RC) is defined as
where TOC perm and TOC feed are the respective permeate and raw water TOC values (Karger et al. 1973; Aiken 1984; Buessler et al. 1996) . Generally, the RC values were largest for those samples with the highest initial TOCs, i.e., Great Dismal Swamp and Suwannee River water (Table 1) . Our results appear to be consistent with the results reported by Gustaffson and co-workers (1996) for this specific type of membrane and a 3,000 dextran molecular weight standard. These and other studies, however, show much higher losses to similar membranes (Osmonics, Filtron, and Membrex), and in some cases breakthrough of standards that possess molecular weights much greater than the membrane cutoff occurred (Aiken 1984; Gustaffson et al. 1996) . The later studies (all participants in the intercalibration ''colloid-cookout'' exercise) were conducted in seawater, where the DOM concentrations are significantly smaller than those used in this study (10's to 100's of M carbon vs. mM carbon). Moreover, the standards that were employed in these studies were made up at ''realistic'' marine DOM concentrations and employed larger volumes of solution (10's to 100's of liters) (Gustaffson et al. 1996) . At these analyte levels, potential artifacts such as losses to the membranes become magnified because the permeate is of the same magnitude as (Benner et al. 1997) . Although the TFUF RC values for waters with the lowest initial DOC (Ogeechee and Old Woman Creek) (Table 1) were generally lower than those measured for the Suwannee River and Great Dismal Swamp samples, we did not observe any strong correlation between initial DOC and the RC.
Mass balances based upon the retentate (corrected for the concentration factor) and filtrate concentrations were typically good (Ͼ79%) for the Old Woman Creek and Ogeechee River water samples and fell within the range observed for the PSS 1,800-Dalton standard (Table 1) . We did not conduct mass balances on the other two samples, but we assumed that they were similar in magnitude.
The M w values, as determined by HPSEC, were consistently larger for the retentates than for the whole waters (Table 2). The Great Dismal Swamp HPSEC chromatograms (Fig. 2) show clearly the early elution of the retentate peaks relative to the whole water peak. Conversely, we were barely able to detect the filtrate peaks but they possessed longer retention times (Fig. 2) . All the remaining DOM samples and their TFUF retentates exhibited this behavior. This segregation of the whole water DOM pool into distinct fractions is also reflected in the molecular weight distributions of the raw water and the various TFUF-segregated fractions as quantified by the sample's polydispersity value (i.e., M w /M n ). In all cases, polydispersity values for the filtrate DOM were lower than those for the whole water or retentate DOM. These results suggest that the DOM in the filtrate is comprised of relatively small molecules that reside in a narrow molecular weight distribution.
The M w values of the filtrates were nearly identical to the 1,000-Dalton membrane cutoff, and the M n values were smaller (Table 2) . Because M w and M n values are the statistical averages for a range of molecules with different molecular weights rather than for discrete molecular weights, the listed cutoff value for the S1N1 membrane is reasonably accurate when defined within this context. This study is the first in which HPSEC was used to independently quantify the molecular weights of aquatic DOM segregated by ultrafiltration. These results, however, appear to be in some disagreement with results reported for the fractionation of DOM using other TFUF and stirred-cell systems (Aiken 1984; Buessler et al. 1996; Gustaffson et al. 1996) . Many ultrafiltration-DOM studies incorporate a wide range of ultrafiltration membrane cutoffs and isolate the DOM in a cascade fashion, i.e., water samples are sequentially passed through membranes of diminishing pore sizes (e.g., Orem and Gaudette 1984, Chin and Gschwend 1991) . Macromolecules (natural and synthetic) are capable of existing in variety of configurations that range from random coil substances such as PSS to globular proteins (Yau et al. 1979) . As stated previously, much of the work in the literature that has reported UF artifacts with DOM segregation have been observed for these larger cutoff membranes. Typically, the large pore size (Ն10,000 Daltons) ultrafiltration membranes are designed for biochemical applications and are commonly calibrated with proteins. Conversely, the smaller pore size membranes (Յ3,000 Daltons) are calibrated to different standards (e.g., vitamin B 12 , PSS) that do not possess globular configurations and may be more suitable for DOM segregation applications. Recently, Burdige and Gardner (1998) showed that nearly all the DOM present in marine sedimentary porewaters is capable of passing through a 3,000-Dalton ultrafilter. Their values suggest that much of the DOM pool is Ͻ3000 Daltons, which corroborates molecular weight values measured by other methods (VPO, ultracentrifugation, HPSEC, and FFF) for humic substances and raw water DOM (Thurman et al. 1982; Aiken and Malcolm 1987; Beckett et al. 1987; Reid et al. 1990; Chin and Gschwend 1991; Chin et al. 1994) . Our research suggests that the 1,000-Dalton S1N1 membrane is capable of roughly segregating DOM (at high enough initial concentrations) into fractions that are larger and smaller than the pore size as specified by the manufacturer. The monomodal peaks seen in the chromatograms (Fig.  2) indicate that aquatic DOM is composed of a complex mixture that is not easily separated into individual components by HPSEC (which typically lacks the resolution of other forms of chromatography). Moreover, the polydispersity of these analytes is low (Table 2) , which supports the theory that DOM molecules occupy a relatively narrow range of sizes (Aiken and Malcolm 1987; Chin et al. 1994) . In an earlier study (Chin et al. 1994 ), we measured the molecular weights of purified fulvic acids by HPSEC, and the observed small polydispersities were attributed to the method by which they were fractionated from the other DOM components. Typically, fulvic acids are isolated by trapping the fractions on a hydrophobic resin packed in a column. In principal, all fulvic acids trapped in this manner possess the same capacity factor for that column, irrespective of the water source (Aiken et al. 1992 ). Thus, this method of isolation constrains the fulvic acids with respect to polarity and possibly to molecular size. The results presented herein are surprising in that natural processes in aquatic systems appear to be constraining the size of DOM molecules. Evidence from studies of marine systems has shown that the highmolecular-weight (polysaccharides, proteins) and monomeric low-molecular-weight (e.g., fatty and amino acids) DOM components are capable of being biologically scavenged (Amon and Benner 1994, 1996; Guo et al. 1995; Burdige and Gardner 1998) , leaving behind a nonlabile pool of relatively low-molecular-weight organic matter. Moreover, nonbiological processes such as adsorption and precipitation may also account for the loss of the larger organic matter fractions (Gu et al. 1996; Wang et al. 1997; Chin et al. 1998) . All these processes could be responsible for naturally constraining the molecular weight distribution of DOM.
In an earlier study, we observed a correlation between the molar absorptivity (⑀, which is absorbance divided by the TOC with units of liters mol carbon Ϫ1 cm Ϫ1 ) at 280 nm for a number of humic substances and their weight-average molecular weights (Chin et al. 1994) . Molar absorptivity can be used to estimate the degree of humic substance aromaticity (Gauthier et al. 1987; Traina et al. 1990) , and larger humic substances typically possess a greater degree of aromaticity. For our fractionated DOM samples, ⑀ values were largest for the retentates and smallest for the filtrates (Table 2) . These results appear consistent with those observed by Mopper and co-workers (1996) , who found that the coastal water permeate possessed organic materials that absorbed at shorter wavelengths. These investigators hypothesized that the 1,000-Dalton TFUF retentates were comprised of high-molecular-weight fractions containing chromophores capable of absorbing light at longer wavelengths. One exception to this trend was the Ogeechee River water sample, which possessed larger-than-expected molar absorptivities. We attributed this anomaly to the presence of metals in the DOM components. Treatment of all the sample TFUF retentates by cation-exchange chromatography resulted in decreases in their molar absorptivity, but the Ogeechee sample appeared to be most affected (Table 2) . Thus, the presence of metals may influence the UV spectroscopy of unaltered DOM.
Our observations suggest that larger and more aromatic aquatic DOM components were preferentially retained by TFUF, whereas the smaller and presumably less aromatic constituents passed through the membrane. Surprisingly, the data also correlate well with the molar absorptivity-M w relationship observed by Chin and co-workers (1994) for fulvic and humic acids isolated from various natural water sources (Fig. 3) . Because molar absorptivity can be determined relatively quickly, this relationship may allow one to estimate an approximate DOM M w value for those samples treated with a cation-exchange resin in lieu of an actual HPSEC measurement.
In addition to changes in molar absorptivity, the protoncation-exchanged DOM retentates possessed slightly smaller M w (Table 2) . We hypothesized that the exchange of metals associated with the DOM retentates by protons may be the cause for this decrease. The magnitude of this change would in turn be dependent upon the type and nature of the complexes formed (i.e., alkali earth's vs. transition and posttran- Fig. 3 . Relationship between weight-average molecular weight and molar absorptivity (at 280 nm) of retentates (⅜) and filtrates (ⅷ). The line is the correlation observed for humic substances reported by Chin and co-workers (1994) . sition metals, inner-sphere vs. outer-sphere complexes). Nonetheless, metals associated with unaltered aquatic DOM apparently will influence their true molecular weights.
To test this hypothesis, we exchanged a proton-saturated Suwannee River fulvic acid (SRFA) isolate with calcium using a calcium cation-exchange resin. The resin was prepared by saturating the proton-exchange resin with a solution of calcium chloride. The fulvic acid sample was eluted from the resin column and assayed by HPSEC and UV/VIS spectroscopy. The concentration of the eluent was substantially lower than the initial concentration because of mobile phase dilution effects. We observed an increase in both the M w and molar absorptivity of the calcium-saturated SRFA relative to its protonated form ( Table 2) . As stated earlier, we suspected that the presence of multivalent metals may have affected the molar absorptivity measurements of the Ogeechee River DOM. The changes in ⑀ observed for the calcium-saturated SRFA are larger than expected, and we currently do not have an explanation for this phenomenon. Thus, unaltered DOM, in the presence of multivalent metals, would possess larger than expected molecular weights and ⑀.
Summary and conclusions
TFUF has been widely used by oceanographers and limnologists for the isolation of DOM from the bulk aqueous phase. The isolates in turn are used in characterization and reactivity studies, and it has been implicitly assumed that the membranes utilized are properly fractionating the DOM pool by size. An extensive intercomparison study has been conducted between different types of TFUF systems, but to date there has been no means of independently (by a separate analytical method) verifying the molecular weight fractions of TFUF retentates. In this study, we independently measured the molecular weights of unaltered DOM and their TFUF retentates and filtrates using high pressure exclusion chromatography. The 1,000-Dalton polysulfone membrane employed in this study does appear to preferentially isolate the Ͼ1,000-Dalton DOM fraction based upon our HPSEC measurements of retentates and filtrates. Moreover, multivalent metals in the aqueous phase may play an important role in determining the molecular weight of DOM isolates. The process of proton-exchanging DOM and humic isolates brings about decreases in their molecular weights by exchanging out the heavier di-and trivalent metals.
In addition to preferentially isolating the high-molecularweight fractions, TFUF also appears to fractionate aquatic DOM by chromophore composition. The molar absorptivity results indicate that the retentates possess a larger number of light-absorbing moieties than does the filtrate. The correlation between molar absorptivity and molecular weight for the retentates, filtrates, and unaltered DOM samples appears to be similar to that observed for humic materials isolated from various sources.
This particular membrane effectively fractionates DOM based upon molecular size. Moreover, the preferential accumulation of chromophoric moieties could also be exploited in studies that examine the photochemical behavior of DOM. Thus, properly used within the context of its limitations, this membrane technology provides a satisfactory means of isolating large amounts of aquatic DOM, based upon size, for natural water samples.
